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Abstract 
The Bijiang River is an important tributary of the Lancang River. Within its upstream watershed, the water body 
was seriously affected by various human activities carried out in Jinding lead-zinc mine and its adjacent areas. To 
fully understand the heavy metal pollution in the river, 15 water samples and 10 surface sediments were collected 
along the river in January 2010, and Zn, Pb, As and Cd in all samples were determinated. Based on data analyses, this 
paper evaluated the status of water pollution, illustrated the distribution of heavy metal pollutants in the water body, 
discussed the spatial variation of Zn, Pb, As and the relevant causes, as well as analyzed changes of heavy metal 
pollutants over time in the river. The results indicated that: (1) water quality of the Bijiang River met National Grade 
III, and it has been significantly affected by mining activities as compared to the background value of the river 
water.Current principal pollutants were Zn, Pb and As, while no Cd was detected. (2) with distance away from 
Jinding mining area, the concentration of heavy metals in water gradually decreased, wherein significant irregular 
changes were found, possibly resulting from hydropower barrages, river sediment, relevant hydrological and 
geological factors, and other human activities. (3) water quality of the river is changing for the better along with the 
reinforcement of harnessing measures. Before 2003, water qualities in the dry season were better than those in the 
wet season, thereafter a reverse trend was witnessed as water qualities in the dry season seemed even worse in recent 
years, but the transition mechanism was not clear and called for further exploration. 
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1. Background and introduction 
The Bijiang River is an important tributary of the upper Mekong (or Lancang) River. It is located in the 
southern part of Parallel Rivers Area of northwest Yunnan, with a total length of 150km and a drainage 
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area of 2447.14km2 (Fig.1). Running from north to south between Xuepan Mountain and Qingshuilang 
Mountain, the Bijiang River flows from Lanping County into Yunlong County at Jinji bridge, and 
eventually empties into the Lancang River at Gongguo bridge [1]. The upstream of the river flows through 
the western edge of Jinding Lead-Zinc mining district in Lanping County. As one of the few lead-zinc 
deposits with over 10-million-ton reserves across the world, Jinding lead-zinc mine is currently the largest 
lead-zinc deposit proved in China. Its total mining area amounts to 6.8km2, of which more than 80% can 
be open-pit mining [2]. As the mining area is ringed on three sides by mountains and is conducive to 
overland flow convergence, lots of barren rock and slag were carried into the river in wet season. 
Furthermore, with the booming of collectively-owned enterprises involved in ore mining, rough dressing 
and smelting, the river has suffered serious pollution with weak environmental regulation and supervision. 
Aquatic creatures such as fishes had already died out. The river water is no longer diverted for life, or 
even irrigation, and pollution-induced water shortage has become the big issue of the area [3]. Previous 
researches showed that surface water quality stood at inferior class Ⅴ in several sections of the river 
during both dry and wet periods in 2007 [4-6]. 
 
             
Fig.1. The sampling sites and other related projects in the Bijiang River watershed 
Several scholars have applied different methods to evaluate heavy metal pollution both in water body 
and in sediment, employed water quality data to reveal the distribution of heavy metal pollutants in water 
based on the Bijiang River, and discussed the possible causes as well. Since 2008, local governments and 
relevant sectors have put in more efforts to curb the basin-wide environmental pollution, water pollution 
in particular, and the situation has improved to some extent. Based on both water and sediment sampling 
on the spot and subsequent chemical analyses, meanwhile taken into consideration relevant environmental 
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variations, the paper analyzed the spatial disparities of Pb, Zn, As and Cd in water along the river during 
the dry season, then discussed water pollution changes over time as compared to previous researches. 
2. Material and methods 
2.1. Sample collecting and testing 
Field sampling was carried out at the end of January 2010. Given the fact that water quality of the 
Bijiang River had been strongly influenced by the Jinding mining area, the distance to the mining area 
was regarded as the primary principle in choosing certain sampling sites, that is, the closer to the mining 
area, the more intensive the sampling points and the shorter the distance between adjacent points, and vice 
versa. Altogether there were 15 water samples and 10 surface sediments collected from 15 measuring 
points along the river (Fig.1). Water samples were collected and stored by using 2.5-liter high-density 
polyethylene bottles at 15 sampling sites (i.e. U1, U2, U3, D1~ D12), while 1~2kg sediments were 
scooped up at 10 sampling points (i.e. U1, U2, U3, D1, D2, D3, D7, D8, D11, D12 etc.), and packed in 
polythene plastic bags for storage. Of all the measuring sites, U1, U2 and U3 were located in the upstream 
tributaries of the Bijiang River above the mining area; D1 to D11 were distributed along the trunk stream 
of the river below the mine, and D12 was set at the Lancang River just below the junction where the two 
rivers meet. U1, U2, U3 could be regarded as immune to the impact of mining activities, and water and 
sediment samples of these 3 sites were used as the background values.  
All water and sediment samples collected were delivered to Yunnan Testing and Quality Supervision 
Center for Geological and Mineral Products, the Ministry of Land and Resources, for test. The testing 
procedure ran in strict accordance with Technical Requirements for Sample Analysis in Ecosystem 
Geochemistry Evaluation (on trial) deriving from China Geological Survey Technical Standards for 
Geological Survey (DD2005-03). For each water or sediment sample, the heavy metal content was 
determinated with automatic dual-channel atomic fluorescence spectrometer (AFS-3100). The precision 
was below 1.0%, and the determination limit was 0.01µg/L for As and Pb, 0.001µg/L  for Cd is, and 
1.0µg/L for Zn. The pH values of water samples were measured with pHS-3C pH meter in the laboratory 
with a measurement resolution of 0.01pH and accuracy of ±0.01pH. Nevertheless, water temperatures 
were measured then and there with thermometer at the sampling sites.  
2.2. Water quality classifying and water pollution assessing 
Single-factor evaluation method was applied for precise evaluation of water quality grade, and 
pessimistic assessing principle was aknowledged for current national water quality standard, which  
regarded the grade of the worst single index as representative of the comprehensive one[7]. The specific 
method was that, compare directly testing results of all monitoring items with corresponding national 
classification criteria to determine each item’s water quality grade, and select the worst one to represent 
the comprehensive grade.  
Nemerow pollution index method [8], a commonly-used water quality evaluation method was used to 
evaluate water pollution for the purpose of reasonable interpretation of heavy metal pollution in the water 
body along the river. As we can see in Table 1, the greater comprehensive pollution index is, the more 
severe the pollution becomes.  
Table 1.Comprehensive quality indices (CQI) and pollution levels [1] 
CQI 0~1 1~2 2~3 ＞3 
Pollution levels No pollution Slight pollution  Moderate pollution Heavy pollution 
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2.3. Analysis of spatio-temporal variation of heavy metal pollution 
Based on measured data in the dry season of 2010, meanwhile taken into account various factors such 
as existing form of heavy metals in the sediments, effect of adsorbing-desorbing equilibrium, process of 
ion-exchanging, influence of riverweir and potential non-point source pollution, the spatial distribution 
and pollution intensity of the heavy metal pollutants in the water body along the river was illustrated and 
discussed. On the ground of combined finding analyses and other research evidences, we sought to 
address the specific case of Bijiang River watershed and provided rational interpretation for variation 
characteristics of different heavy metal pollutants in the water. 
The annual and interannual changes of heavy metal pollutants in water in recent years were discussed 
by incorporating monitoring data with previous investigations. In the meantime, possible cuases for such 
changes were probed into, especially relevant progresses made in local environmental pollution 
prevention and harnessing.  
3. Results and discussions 
3.1. Assessment of heavy metal pollution 
As far as comprehensive water quality is concerned, it met Grade I of water quality standards at U1, 
U2, U3 and D12, and Grade III at other 11 sampling sites. In the downstream of the mine, in particular, 
the Zn rated Grade Ⅱat D1 to D7, and amounted to Grade I at D8 to D12; the Pb rated Grade III at all 
sampling sites except D12, where it reached Grade I; and the As reached Grade I at all 12 sampling sites. 
According to the testing of water samples, the Cd was not included in subsequent analysis as its contents 
were below the detection limit of 0.001 mg/L (Tab.2). The results showed that water quality in the 
upstream of the mining area was better than that in the downstream, indicative of mining activities’ 
significant impact on water quality in the Bijiang River watershed. 
Tab.2.Contents of heavy metals in water and water qualities (WQ)  mg/L 
Sampling sites Zn Pb Cd As Contents WQ Contents WQ Contents WQ Contents WQ 
U1-U3 0.006 Ⅰ 0.002 Ⅰ <0.001 Ⅰ 0.004 Ⅰ 
D1-D7 0.077-0.25 Ⅱ 0.017-0.027 Ⅲ <0.001 Ⅰ 0.009-0.029 Ⅰ 
D8-D11 0.006-0.042 Ⅰ 0.011-0.015 Ⅲ <0.001 Ⅰ 0.005-0.028 Ⅰ 
D12 0.016 Ⅰ 0.007 Ⅰ <0.001 Ⅰ 0.019 Ⅰ 
 
The numeric results indicated that water samples collected from D1 to D12 were subject to heavy 
pollution (Tab.3). To be specific, the comprehensive pollution index was 31.19 at D1, near the primary 
drain outlet of the mine, which was over 10 times the reference value of heavy pollution. From D1 to D11, 
as compared to background values, the concentrations of Zn in water reached the maximum that was 
41.67 times of the standard, the Pb was about 5 to 13 times of the standard, and As was about 2 to 7 times. 
It suggested that the main heavy metal pollutants threatening the Bijiang River be Zn, Pb and As, yet the 
distribution of each pollutant along the river and its specific impact were more complicated. 
Tab.3. Degrees of heavy metal pollution in water 
Sampling sites Comprehensive pollution index Pollution degrees of all samples Maximum Minimum Samples Heavy pollution 
D1-D12 31.19 3.81 12 12 
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The current heavy metal pollution in the river was also quite serious in light of the background values, 
even if the water body downstream of the mining area met Grade III. Mining discharge, together with 
accumulated heavy metal pollutants in sediment over years, accounted for such serious pollution, while 
the adverse effect might be difficult to eliminate within a definite period in the future. 
It was obvious that certain degree of heavy metal pollution in water had already affected the Lancang 
River. Although the water quality at D12 came up to Grade I by virtue of the abundant diluted water of 
the Lancang River, concentration of Zn, Pb, and As in water were respectively 2.67 times, 3.5 times, and 
4.83 times of background values of the river water, and the comprehensive pollution index even amounted 
to 4.54, slightly higher than those at D8 and D11. In addition, contents of Zn, Pb in sediment were lower 
than the background values, but the As rose by 2.16 times at D12. It proves that the heavy metal pollutants 
stemed from the Bijiang River watershed have migrated into the Lancang River, exposing the latter with 
potential risk of contamination. The long-term accumulation of the As in sediment, in particular, should 
not be ignored.  
3.2. Spatio-temporal variation of heavy metal pollution 
3.2.1. Distribution of heavy metal pollutants along the river 
According to analystical results of measured data, concentration of heavy metals in river water 
gradually decreased as distance away from the mining area increased, and obvious fluctuations were 
witnessed at certain sampling sites (Fig.2). Taken concentration of D1 as the benchmark, the contents of 
Zn, Pb and As decreased rapidly from D1 to D3 with a rate of 28%, 33.3% and 48.8% respectively, in 
other words, in terms of drop rate, As> Pb> Zn. By comparison, the drop rate of D4 to D12 was rahter 
slight, resulting from the combined impacts of heavy metal contents and their chemical forms in river 
sediment, other water quality factors as well as hydropower barrages. 
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Fig.2. Spatial variation of heavy metals in the river 
3.2.1.1. Relationship between heavy metals in sediment and Zn, Pb, As concentrations in water  
After being added to the water, heavy metal pollutants would change their chemical structures and 
properties due to various physical, chemical and biological factors. At first, most heavy metals in the form 
of different compounds would be adsorbed on suspended solids or deposited in sediments. Then, when 
transferring with water, part of the suspended solids might flocculate and settle down to the bottom to 
become sediments under different hydraulic and physiochemical effects. Conversely, with the change of 
environmental conditions (i.e. temperature, pH value and redox potential), the suspended solids and 
sediments might re-enter the water to create secondary pollution by means of dissolution, complexation 
and hydrolysis [9].  
The secondary pollutants released out of the sediments, together with the effect of ion exchanging 
between the Ca2+ and targeted heavy metal cation would exert different impacts on the concentration of 
heavy metals in water. In details, most of As was residua in the sediment in the Bijiang River, whose 
content was mainly affected by the As-containing pollutants discharged from stationary sources[10], 
while those released from the sediments only constituted a small proportion of the total. As a result, As 
concentration of the river water dropped at the most rapid rate downstream of the mining area. Ca2+ was 
capable of desorbing both Zn and Pb in the sediment, and its capacity on ion exchange for Zn was greater 
than that for Pb[11]. Located in Karst areas, calcareous mudstones were widely found in the Bijiang 
watershed[12], and a large number of Ca2+ was washed into the river, increasing the effect of cation 
exchange. As a result, contents of Zn and Pb in the river water could be greatly affected by Zn and Pb 
released from the sediments. During the migration process with river flow, contents of Zn and Pb in water 
decrease gradually, but at the same time the desorbed Zn and Pb out of the sediments posed an adverse 
enhancement effect, which was stronger for Zn than that for Pb. However, from sampling site D1 to D3, 
on average , contents of Zn and Pb in the sediments in water soluble, ion exchange and the bound state 
were 3576mg/kg and 4007mg/kg respectively, namely the content of Zn was slightly smaller than that of 
Pb in sediment which incurred the decline rate of Zn being less than that of Pb in water. Compared to the 
initial concentration at D1, the sequence of drop rate for heavy metals was As> Pb> Zn. Since mass 
deposits were found in the river section from D1 to D3, drop rates of Zn, Pb and As in water turned to be 
relatively moderate in the downstream at D4 to D12. Such change might be attributed to a combination of 
factors, whereas the release of heavy metals in sediment remained the significant one. 
 
3.2.1.2. Effects of other water quality factors and the barrage 
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The effects of adsorbing-desorbing equilibrium differed among various heavy metals in the river. The 
suspended solids in water had strong adsorption effects on heavy metals [13]. More suspended solids were 
found in the river section from D1 to D3 lying in the county town close to the mine, and a large number of 
heavy metals had been adsorbed by the suspended solids shortly after discharge. Besides, the river flow 
was very fast in this section, and the adsorbed heavy metals were transmitted far away downstream with 
those suspended solids. The effect of adsorbing-desorbing equilibrium proved that As was being 
transferred from water to sediment in the Bijiang River in dry season [10], indicating sedimentary As 
release only had slight impact on As concentration in water. Active Zn in migration was apt to co-
precipitation or adsorption with carbonate minerals around [2], and suspended solids with Zn could drift 
only a short distance down the river, resulting in great Zn sedimentation in the upstream at D1 to D3, and 
an obvious decline at D4. According to the analysis of mud sample, mass deposition of Pb was found at 
D4, where more Pb could be released from sediment to increase its content in water as compared to As 
and Zn. 
The construction of hydro-plants had distinctly changed the heavy metal distribution pattern along the 
Bijiang River. Plentiful suspended solids would deposit in front of a barrage if it cut the river, the river 
water in turn would recapture the suspended load by eroding riverbank and riverbed downstream, while 
the re-suspended sediment might lay down again farther downstream [14]. Since 1985, state-owned, 
collectively-owned and private mining enterprises rushed headlong into the lead-zinc mining area to start 
large-scale exploitation. Due to poor local environmental governance, huge bulk of small ore grains and 
mine tailings with heavy metals had deposited in the Bijiang River over the past 35 years. In 2007, two 
small hydropower stations on the Bijiang River named Longzitang and Yong’an have been successively 
completed and put into production. Serious riverbed erosion has occurred in just a few years, reducing the 
bottom mud and the heavy metals within a certain distance downstream of the hydro-plant. Of all 
sediment samples taken from D1 to D11, the contents of Zn and Pb at D8 about 300m downstream of 
Yong’an station were the lowest at 1300mg/L and 370mg/L respectively, accounting for only half of those 
at D7; while the pH value of 8.01 here was the highest, which inhibited the release of limited heavy 
metals out of sediment and resulted in low values of Zn and Pb in water. Although the content of As in 
sediment at D8 was 33.3 mg/L, also about 1/2 of that at D7, it was inclined to being transferred from 
water to sediment at this time of year[10], that is the sediment reduction had little effect on or it was 
instead advantageous to maintain the As concentration in water. This also may help to explain the 
relatively inerratic descending trend of As concentration in water along the river. In other words, As 
content in water was almost not affected by the barrages that dammed up the river. 
Both Pb and As in water exhibited a peak at D10, although water temperature and pH value showed no 
abnormality here. It could be inferred that, as D10 be far away from the barrages, Zn and Pb accumulated 
in sediment had been scoured away and gradually deposited in the downstream where Zn and Pb in 
sediment accordingly raised to a higher level, increasing the release of heavy metals to the water body. 
Besides, D10 fell into Baofeng Township with the largest arable land in the Bijiang watershed, possible 
wide use of pesticides containing Pb and As might be another reason to be verified. Meanwhile, further 
investigation on local geological factors and industrial effluents could not be ignored.  
The As concentration in water rose again at D12 close to the junction of the Bijiang River and the 
Lancang River, while the Zn and Pb appeared to have a natural attenuation in the river section 
downstream of D10. The most possible reasons for this might rest with exceptional hydrodynamic 
conditions and adsorbing-desorbing process. The mixing of river waters with different properties caused 
violent water disturbance to intensify the effect of sediment re-suspension, which in turn stimulated heavy 
metals to transfer from sediment to water. Under such circumstances, contents of Zn and Pb in sediment at 
D12 were the lowest of all samples collected, even lower than the selected background value of sediment. 
The release of sedimentary Zn and Pb made little sense for their concentration in water. But to As, its 
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content in sediment at D12 was only next to that at D1, D2 and D3, and was more than 2 times of that at 
D11. With respect to the special sedimentary and hydrodynamic features at D12, it was quite likely to 
change the adsorbing-desorbing equilibrium of As in the upstream of the river, turning to release more 
sedimentary As into water to elevate its concentration. 
In summary, concentrations of Zn, Pb and As in water and their drop rates along the Bijiang River 
depended largely on the distance away from the mining area, or more specifically, the farther away from 
the mining area, the lower the concentrations of heavy metals, and the slower the drop rates. While 
irregular variations of heavy metal concentrations in water have been found at D4, D8, D10 and D12 for 
diverse causes including contents of heavy metals in sediment, specific water quality factors, barrages, 
surrounding agricultural practices, hydrodynamic conditions and so on. Although the impact of each cause 
called for further examination, it was crystal-clear that heavy metal pollution in the water body primarily 
resulted from the mining activities in the watershed. The further away from the mining area, the weaker 
the influence of mining activities would be.   
 
3.2.2. Temporal changes of Heavy metal pollution 
 
To study water quality changes of Bijiang River in wet and dry seasons, we collected water quality 
monitoring data of 2000-2006 at Shimen and Jinjiqiao monitoring sections in the trunk stream of the river, 
and conducted relevant calculation of Nemerow comprehensive pollution indices. Initial analyses revealed 
that from 2000 to 2002, water quality of the river in dry season was better than that in wet season, whereas 
from 2003 to 2006, a reverse trend was witnessed as water quality in dry season became worse than that in 
wet season (Tab.4).  
Tab.4.Interannual changes of pollution degrees (CQI) 
Year Dry season Wet season 
2000 42.01 102.26 
2001 50.96 69.67 
2002 33.68 44.36 
2003 56.85 40.39 
2004 35.59 26.02 
2005 4.84 1.23 
2006 5.72 2.44 
 
Surface runoff was critical for variations of heavy metal concentration in water in the Bijang River 
Valley. On one hand, surface runoff washed small mineral particles into the river, increasing the 
concentration of heavy metals in water. On the other hand, surface runoff had diluting effect on 
concentrations of heavy metals in the river water. Before 2003, lead-zinc mining was in such a chaos that 
most of the mines were run by small smelters and tailings were stacked at random [15]. In wet season, 
abundant surface runoffs carried huge bulk of waste mining rocks and slags into the river, meanwhile 
stimulated re-suspension of sediment to increase heavy metal concentration in water, leading to the 
worsening of water quality. In 2003, Yunnan provincial government set up Jinding Zinc Industry Co., Ltd., 
and implemented the new policy of centralized planning and unified development of the mine, putting an 
end to the confusion and disorder in the mining area. Along with progresses made in pollution harnessing 
and environmental protection, mineral particles entering into the river were reduced remarkably while 
plentiful runoff helped to dilute the concentrations of heavy metal, resulting in the improvement of water 
quality in wet season afterwards. 
Thanks to government act on unified management over mining activities and increasing input in 
environmental harnessing, heavy metal pollution in water body showed an overall decline in the Bijiang 
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River with some fluctuations, heading towards improvement ever since 2005(Tab.4). By analyzing and 
evaluating grades of water quality, pollution degrees of heavy metals in water in 2007 and 2010 were 
analyzed comparatively to reflect the change of river water quality in recent years (Tab.5). The 
comparative result suggested that in lower reaches of the mining area, water quality of the Bijiang River 
be comprehensively rated as worse than Grade V in the dry season of 2007[4], and it climbed up to Grade 
Ⅲ in the same period of 2010. Herein, the Pb and Cd were worse than Grade V in 2007, and the Pb was 
up to Grade Ⅲ while the Cd reached Grade Ⅰ in 2010. But comparative analyses with respect to the Zn 
and As were not made for want of relevant data in 2007. 
Tab.5.Water quality grades in dry season of 2007 and 2010 
Year Zn Pb Cd As Comprehensive Water Quality Grades 
2007  ------ Ⅴ Ⅴ ------ Ⅴ 
2010  Ⅱ Ⅲ Ⅰ Ⅰ Ⅲ 
It should be stressed here that large amount of waste rocks and slags rich in Cd were promptly brought 
into the Nandagou Ditch in the southern part of mining area during the wet season, then flowed into the 
Bijiang River to go further downstream[16], bringing about very serious Cd pollution in river water. With 
the approval of Water Pollution Prevention and Harnessing Planning for the Bijiang Watershed in 2009, 
large-scale silt-removing and dredging projects were carried out in the main river courses afterwards. The 
waste fished out of the Nandagou Ditch riverway alone totaled more than 130 thousands cubic meters. 
The main pollution sources of heavy metal had been curbed effectively. Thus, the detected Cd content in 
water was below the detection limit in 2010. Meanwhile, Pb content in water also decreased remarkably 
due to substantial removal of Pb-containing sediments in the river beds. 
4. Conclusions 
After evaluation of water quality in the Bijiang River, the spatio-temporal variation of heavy metal 
pollution in the river water and relevant causes were interpreted and discussed on the basis of measured 
data and other research findings. Therefrom, the following conclusions could be drawn: 
(1)Although water quality of the Bijiang River ranked among Grade Ⅲ, the water body has been 
significantly affected by the development of mining area with respect to the background values of the 
river water. Currently, the main pollutants were Zn, Pb and As, and no Cd was detected.  
(2)With distance away from the Jinding mining region, the concentration of heavy metals in river water 
gradually decreased, wherein significant irregular changes were found. The concentration of pollutants in 
the water body was affected specifically by hydropower barrages, river sediment, relevant hydrological 
and geological factors, and other human activities. 
(3)In pace with the reinforcement of environmental renovation, the water quality of the river is 
obviously changing for the better year by year. However, water qualities in the dry season were better 
than those in the wet season before 2003, thereafter a reverse trend was witnessed as water qualities in the 
dry season seemed even worse since 2003, whereas the transition mechanism was not clear and called for 
further investigation. 
To carry out the comparative study on the temporal change of heavy metal pollution in the Bijiang 
River, the sampling process adopted was almost the same as other similar studies of the river, but the labs 
selected for sample testing were different. The deviations arising from distinct detecting techniques and 
methods were unavoidable, which would mean that the research results also await further investigations 
and verification. 
Owing to different flow regime along the river, complicated mechanisms of migration and 
transformation of heavy metals in water, the causes for abnormal changes of Zn, Pb and As attenuation 
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along the river still need to be extensively explored. Moreover, by means of surveying and data collecting, 
more comprehensive and integrated researches on the evolution of water quality, especially on the natural 
and human-related driving factors accounting for the reversal of water quality between the two different 
seasons yet to be deepened. 
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